Background. Central nervous system (CNS) infections remain a major public health problem in Sub-Saharan Africa, causing 15%-25% of AIDS-related deaths. With widespread availability of antiretroviral therapy (ART) and the introduction of improved diagnostics, the epidemiology of infectious meningitis is evolving.
Meningitis remains a major cause of mortality in Africa and is the medical condition associated with the highest risk of inpatient death [1] . Historically in Africa, Neisseria meningitidis and Streptococcus pneumoniae were the most common infectious pathogens, resulting in approximately 100 000 deaths between 1991 and 2010 in the meningitis belt [2] . The HIV epidemic, however, resulted in significant changes to etiologies of adult meningitis in Africa. In 2014, an estimated 250 000 incident cases of cryptococcal meningitis occurred, accounting for 15% of AIDS-related deaths [3] . Tuberculous meningitis (TBM) is the second commonest cause of HIV-associated meningitis [4] . The introduction of pneumococcal, meningococcal, and
Haemophilus influenzae type b immunizations has dramatically decreased the incidence of pediatric bacterial meningitis, but the respective decline in adult bacterial meningitis incidence has been variable [4, 5] . Precise estimates on the incidence of viral meningitis in Sub-Saharan Africa are lacking.
With the widespread rollout of antiretroviral therapy (ART), coupled with introduction of an HIV "test and treat" policy, the landscape of meningitis epidemiology is again changing. Furthermore, the introduction of new molecular diagnostics, including the Xpert MTB/RIF Assay and commercial multiplex polymerase chain reaction (PCR) platforms for testing cerebrospinal fluid (CSF) for bacterial, viral, and fungal pathogens, is improving meningitis diagnostic capacity. This is most significant with respect to TBM. Although TBM accounts for between 8% and 17% of all meningitis cases in high-HIV prevalence settings [4] , a lack of sensitive and timely diagnostics has historically made TBM diagnoses extremely difficult and disease burden estimates challenging. In 2013, the World Health Organization endorsed Xpert MTB/RIF (a cartridge-based, fully automated PCR molecular assay) as the preferred firstline TBM diagnostic. Performance data suggest that the sensitivity of Xpert MTB/RIF for TBM is ~50% [4] . This is significantly better than CSF microscopy for acid-fast bacilli (AFB), which has a sensitivity of ≤15%, and comparable to culture (sensitivity ~50%) [6, 7] . The re-engineered Xpert MTB/RIF Ultra assay (Cepheid Inc., Sunnyvale, CA) introduced in 2017 has further improved the analytical sensitivity for detecting TB [7] .
In a 2010-2012 Ugandan cohort of 416 ART-naïve adults with HIV presenting with suspected meningitis, cryptococcal meningitis was diagnosed in 60%, acute bacterial meningitis in 1.6%, and tuberculous meningitis in 2.5% [8] . Since that time, improved Food and Drug Administration (FDA)-approved diagnostics have been introduced to our clinical research setting: (1) CrAg lateral flow assay has replaced the former CrAg latex agglutination platform; (2) GeneXpert MTB/RIF on largevolume centrifuged CSF; (3) BioFire FilmArray multiplex PCR Meningitis/Encephalitis panel. In the context of these new diagnostics and increased ART coverage, we aimed to describe the etiologies and frequencies of fungal, mycobacterial, bacterial, and viral meningitis among adults in Uganda.
METHODS

Setting and Participants
We conducted a prospective cohort study as part of screening for a cryptococcal meningitis trial from March 2015 to September 2017 (Adjunctive Sertraline for the Treatment of Cryptococcal Meningitis; ClinicalTrials.gov: NCT01802385) [9] . Consecutive adults presenting with suspected meningitis to Mulago National Referral Hospital, Kampala, or Mbarara Regional Referral Hospital were screened for infectious etiologies using a stepwise diagnostic algorithm [4] . All patients were initially screened at the bedside using a lateral flow assay (LFA) for cryptococcal antigen (CrAg LFA; IMMY, Norman, OK) in blood before lumbar puncture; CSF was then tested. CSF CrAgnegative patients underwent a targeted comprehensive evaluation for TBM, acute bacterial meningitis, and viral meningitis ( Figure 1 ). Ninety-two patients with an unknown HIV status at the time of screening were offered a point-of-care rapid HIV test. Consented participants were followed until hospital discharge. Inclusion criteria were adults (≥18 years) presenting with suspected meningitis.
Stepwise Meningitis Diagnostic Algorithm
We used a diagnostic algorithm to maximize diagnostic yield in a cost-efficient manner ( Figure 1 ). Participants with suspected meningitis were first screened with a finger-stick CrAg LFA performed at the bedside to identify patients with systemic cryptococcosis requiring control of their intracranial pressure [10] . We targeted collection of 10 mL of CSF, aware that centrifuged large-volume CSF testing increases the diagnostic yield for TB testing [11] with more CSF collected depending on CSF opening pressure. Cryptococcal meningitis was diagnosed by positive CSF CrAg LFA at the bedside and later confirmed by culture.
CSF testing of white cell count, protein, and quantitative cryptococcal cultures was performed as described previously [12] . Cryptococcal paradoxical immune reconstitution inflammatory syndrome (IRIS) was as per the case definition [13] . Acute bacterial meningitis was diagnosed via gram stain, culture, and/or by multiplex PCR using the FilmArray Meningitis-Encephalitis panel (BioFire, Salt Lake City, UT). All CSF CrAg-negative patients were systematically evaluated for TBM, including those with symptomatic cryptococcal antigenemia [14] . In patients with confirmed cryptococcal meningitis, TBM co-infection was investigated at physician discretion. TBM evaluation included clinical examination, radiological assessment where possible (chest radiograph and neuroradiology in patients with focal neurological deficits), and CSF evaluation. CSF testing for TBM included CSF AFB smear using Ziehl-Nielsen stain (Mulago Hospital only) and GeneXpert TB/RIF. After routine microbiology and chemistry analysis, the remaining volume of CSF was centrifuged at 3000g for 20 minutes. We removed and cryopreserved all supernatant except for 2 mL, which was resuspended via vortexing for 15-20 seconds. We then used 0.5 mL for Xpert MTB/RIF testing and 0.5 mL for CSF Mycobacteria Growth Inhibitor Tube culture (MGIT; Becton Dickinson, Franklin Figure 1 demonstrates the diagnostic workup for adults with HIV, presenting with meningitis symptoms. This is a stepwise diagnostic algorithm, such that diagnostic tests are sequentially run until a positive diagnosis is made (as indicated in the gray boxes), and then no further investigations are employed. Participants with a positive finger-stick CrAg but negative CSF CrAg had additional "other meningitis" workup performed. Abbreviations: CSF, cerebrospinal fluid; LFA, lateral flow assay; LP, lumbar puncture; PCR, polymerase chain reaction; WBC, white blood cell count.
Lakes, NJ). Between January 2016 and May 2017, a subset of consecutive diagnostic CSF samples underwent analysis using the BioFire FilmArray multiplex PCR Meningitis/Encephalitis panel, which includes detection of Cryptococcus, Streptococcus pneumoniae, Haemophilus influenzae, Escherichia coli, cytomegalovirus (CMV), herpes simplex virus 1 and 2 (HSV-1 and HSV-2), varicella zoster virus (VZV), human herpes viruses 6 and 7 (HHV6 and HHV7), enterovirus, and parechovirus.
Costing Analysis
We assessed 3 different diagnostic strategies to identify the most cost-efficient use of the diagnostic tests available. Using the diagnostic algorithm outlined in Figure 1 and the sensitivity, specificity, and cost of each test, we calculated the costs of (a) using a stepwise algorithm without multiplex PCR testing, (b) using a stepwise algorithm with the addition of multiplex PCR testing, and (c) comprehensive "shotgun" testing of all running all tests on all patients. Real-world costs of testing were used, including shipping and labor costs. Disease prevalence was taken from our results. Test characteristics and costs are available in Supplementary Table 2 .
Ethics
All participants (or a surrogate in cases of mental incapacity) provided written informed consent for lumbar puncture, CSF testing, CSF storage, and data collection. Approval for the study was obtained from the Uganda National Council for Science and Technology and institutional review boards in Uganda and at the University of Minnesota.
Statistical Analysis
Baseline demographics, clinical characteristics, and final diagnoses were summarized as percentages or medians (with interquartile ranges). The distribution of diagnoses was calculated for each ART group-ART-naïve, ART <3 months, ART >3 months-and the proportion of cryptococcal diagnoses among those with suspected meningitis was compared across ART groups using a chi-square test. The percentage of pathogens detected by multiplex PCR was calculated among those tested, and the prevalence was imputed among the population without a known diagnosis (negative for cryptococcosis or TBM) and among the entire cohort. All analyses were conducted using SAS, version 9.4 (SAS Institute, Cary, NC).
RESULTS
From March 2015 until September 2017, 846 Ugandan adults with suspected meningitis were screened for infectious etiologies: 553 (65%) in Kampala and 293 (35%) in Mbarara. Overall, 99.5% (842/846) were people with HIV who had advanced HIV/AIDS with a median CD4 count (interquartile range) of 26 (7-76) cells/μL. Analysis focused on 842 people with HIV. Participants presented with features typical of meningitis (Table 1) . Overall, 55% (460/842) were on ART at presentation. The median duration for those receiving ART was 9 months, with 34% (156/460) of those on ART for <3 months and 61% (279/460) on ART for >3 months.
Overall, 60.5% (509/842) of participants were diagnosed with first-episode cryptococcal meningitis by CSF CrAg LFA and/or cryptococcal quantitative culture ( Figure 2 ). In addition, 9.2% (78/842) reported a previous episode of cryptococcal meningitis, of whom 54 had culture-positive relapse, 8 probable paradoxical cryptococcal IRIS, 1 symptomatic antigenemia, 3 TBM (1 definite, 1 probable, 1 empiric), 1 bacterial pneumococcal meningitis, 5 persistent high intracranial pressures, and 6 unremarkable CSF/unknown diagnosis. Three participants with culture-positive cryptococcal meningitis had concurrent microbiologically confirmed TBM by Xpert. Additionally, 4% (33/842) of participants presenting with clinical meningitis had a positive blood CrAg LFA result with a negative CSF CrAg LFA and cryptococcal culture, that is, "symptomatic cryptococcal antigenemia" (Table 2 ) [14] .
Definite or probable TBM was the primary diagnosis in 6.9% (58/842), with 45 (5.3%) having microbiologically confirmed (definite) TBM based on Xpert MTB/RIF (n = 39) and/ or MGIT culture (n = 22) and 13/842 (1.5%) having probable TBM per the uniform clinical case definition ( Table 2 ) [15] . An additional 7.8% (66/842) did not meet the diagnostic threshold for definite or probable TBM but received empiric TBM therapy due to a high index of clinical suspicion.
Overall, 1.3% (11/842) of participants were diagnosed with acute bacterial meningitis, based on gram stain (n = 3) and/or bacterial culture (n = 0) and/or PCR (n = 2) or CSF neutrophilic pleocytosis with clinical diagnosis (n = 6) ( Table 2) .
Between January 2016 and May 2017, 45 diagnostic CSF samples in patients without a confirmed diagnosis of cryptococcal meningitis, TB meningitis, or symptomatic cryptococcemia underwent testing for common viral and bacterial meningitis pathogens using the BioFire FilmArray. Two cases of acute bacterial meningitis were diagnosed: Streptococcus pneumoniae (1) and Haemophilus influenzae (1); both cases were CSF culture negative. Six patients (0.7%, 6/842) were diagnosed with a viral meningitis; these cases had a single viral pathogen detected by PCR ( Supplementary Table 1 ). Diagnoses were confirmed by clinical case note review and adjudication by 2 independent clinicians.
We assessed 3 strategies for using diagnostic tests efficiently. Supplementary Table 3 demonstrates that total costs of the 3 algorithms of interest. The least expensive algorithm used the stepwise approach without Biofire PCR. In this stepwise strategy, where tests were sequentially run until a positive test result occurred (and then further diagnostics stopped), the total cost was $1359 for 100 persons, with a cost per person of $13.59 and 75 people with a microbiologic diagnosis. Adding the multiplex PCR to the stepwise approach, whereby the multiplex Figure 2 demonstrates the proportional frequencies (%) of fungal, mycobacterial, bacterial, and fungal meningitis in 842 Ugandan adults with HIV presenting with suspected meningitis. Abbreviations: ICP, Intra cranial pressure; IRIS, immune reconstitution inflammatory syndrome; TBM, tuberculous meningitis. . Of all participants screened, 21% (181/842) had no confirmed microbiological diagnosis made. When diagnoses were stratified by ART experience, cryptococcal and TB meningitis remained the most common infectious etiologies in both ARTnaïve and ART-experienced participants ( Table 3 ). There was a statistically significant difference in the distribution of cryptococcal diagnoses across ART groups; patients on ART for <3 months had a higher proportion of cryptococcal diagnoses compared with those on ART for >3 months (69% vs 48%; P < .01).
DISCUSSION
Despite significant improvements in HIV management, CNS infections continue to be a major cause of morbidity and mortality in advanced HIV. Similar to previous studies from Sub-Saharan Africa [8, [16] [17] [18] , cryptococcosis remains the leading cause of adult meningitis, accounting for 68% of cases, 7% of which are cases of second-episode symptomatic recurrences. In addition to CSF CrAg-positive cases of cryptococcal meningitis, the stepwise diagnostic algorithm adopted allowed for identification of a new disease entity: symptomatic cryptococcal antigenemia, which accounted for 4% of meningitis cases in our cohort [14] . This subgroup of patients with advanced HIV presented with classical meningitis symptoms with negative CSF studies (negative CSF CrAg LFA and cryptococcal culture) but positive blood CrAg LFA; this is postulated to represent early cryptococcal meningoencephalitis [14] . In the absence of CrAg testing blood, these diagnoses would have been missed, demonstrating the need for systematic CrAg screening of blood (as well as CSF analysis) in immunocompromised patients with CNS infections.
The second most common meningitis in our cohort was TBM; 6.9% of participants were diagnosed with definite or probable TBM. An additional 7.8% of participants were treated empirically for TBM based on clinician judgment. These participants did not meet the diagnostic threshold for definite or probable TBM, predominately due to a lack of microbiological and/or radiological data to comprehensively investigate for evidence of extra-CNS TB. This highlights the challenges of using diagnostic scores in resource-limited settings and, despite significant improvements in TB diagnostics, the ongoing importance of clinician judgment in diagnosing TBM.
The proportion of meningitis due to TBM (14.7%) was higher than that reported previously in Ugandan adults with HIV presenting with meningitis (2010-2012), when only 2.5% of cases were reported to be due to TBM, before the routine availability of Xpert [8] . Findings from our current study are, however, similar to other meningitis case series of predominately adults with HIV from Zimbabwe [17] , South Africa [18] , and Malawi [16] , which found TBM to be the infective etiology in 12%, 13%, and 17% respectively. The increased proportion of TBM cases in our current Ugandan series almost certainly reflects historical underdiagnosis of TBM in Uganda and the impact of new improved molecular diagnostics. This is supported by a recently published large retrospective cohort study of TBM in Ugandan adults (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) , which demonstrated that the proportion of microbiologically confirmed TBM cases has increased over time [19] . Given the diagnostic challenges of HIV-associated TBM, it is possible that the proportion classified as TBM in our current study still represents an underestimate of the true burden. In 2017, we introduced the next-generation Xpert MTB/RIF Ultra, which has a reported sensitivity of up to 95% against a microbiological composite outcome [7] . Used as part of a stepwise meningitis diagnostic algorithm, we anticipate that Xpert MTB/RIF Ultra will further increase confirmed TBM.
The prevalence of acute bacterial meningitis was low (1.3%). Importantly, only 27% (3/11) of bacterial meningitis diagnoses were made on microscopy and culture, and 18% (2/11) were made via the BioFire multiplex PCR. Although further research into the clinical utility of multiplex PCR platforms in resourcelimited settings is warranted, as bacterial meningitis is less commonly seen by clinicians and laboratory personnel, these results may highlight the role of automated PCR platforms in the diagnosis of bacterial meningitis. The BioFire FilmArray multiplex PCR Meningitis/Encephalitis panel enabled us to diagnose viral meningitis in 0.7% of our cohort. HSV-1 was the most common viral pathogen isolated in the subset of cases we investigated using the Biofire PCR panel (n = 45); if we impute the positive Biofire results for all cases without a diagnosis of cryptococcosis or definite/probable TBM (n = 84), we predict we would have diagnosed 8 cases of HSV-1 meningoencephalitis ( Supplementary Table 1 ). HSV-1 meningoencephalitis is a treatable clinical condition, and our data therefore support the expansion of viral meningitis diagnostics as part of a stepwise diagnostic algorithm in HIV-associated meningitis.
Our data demonstrate that the majority of patients with HIVassociated meningitis are now presenting while receiving ART (55%). This is a heterogeneous group, consisting of primarily 2 populations: first, patients presenting with clinical meningitis soon after ART initiation (typically <3 months), a clinical phenotype consistent with unmasking IRIS [13] ; second, patients on ART for ≥6 months with virological and immunological failure. ART defaulters were less common (13% of those with ART history). Despite the rapid rollout of ART in much of Sub-Saharan Africa, the predominant infective etiologies of HIV-associated adult meningitis have not changed. Cryptococcal meningitis and TBM remain the most common causes of meningitis in both ART-experienced and ART-naïve patients. Sixty-nine P value from chi-square test comparing the proportion of cryptococcal meningitis diagnoses vs other diagnoses across ART groups. The distribution of diagnoses was calculated for each ART group-ART-naïve, ART <3 months, ART >3 months-and the proportion of cryptococcal diagnoses compared with other diagnoses. Cryptococcal and TB meningitis remained the most common infectious etiologies in both art-naïve and art-experienced participants. Those on ART for less than 3 months had the highest proportion of cryptococcal diagnoses. Persons with altered mental status and unknown ART status (n = 3) or duration (n = 25) were excluded.
Abbreviations: ART, antiretroviral therapy; CSF, cerebrospinal fluid; TB, tuberculosis; TBM, tuberculous meningitis; WBC, white blood cell count. a Three patients were co-infected with cryptococcal and TB meningitis. b One patient was co-infected with TB and bacterial meningitis. c CSF white cells <5 μL and protein <45 mg/dL. percent of patients presenting <3 months after ART initiation were diagnosed with cryptococcal meningitis. Patients presenting with unmasking cryptococcosis after recently initiating ART have poorer clinical outcomes when compared with ARTnaïve patients [20] ; there is a risk that the recent upscaling of "HIV test and treat"-unless combined with systematic CrAg screen before initiation-will result in increases in the number of patients presenting with unmasking CM-IRIS [21] .
Our cost analysis demonstrates that use of a stepwise diagnostic algorithm that sequentially utilizes microbiological tests as key differential diagnoses are excluded is a cost-efficient approach. The cheapest of the diagnostic algorithms explored was the stepwise approach without multiplex PCR, with a cost per person of $13.59. Although further research into the clinical utility of multiplex PCR is underway, given the Ugandan GDP per capita of $604, we would support this diagnostic approach in Uganda. None of the algorithms tested included TB culture in the cost analysis; in a study that evaluated the diagnostic performance of Xpert, Xpert Ultra, and TB culture in the diagnosis of TBM in 129 Ugandan adults with HIV, only 1 case of definite TBM meningitis was diagnosed on TB culture alone [7] . Furthermore, the median time to positive TB culture was 16 days [7] , which severely limits the clinical utility of a positive result. At the current cost of $35 per TB culture in Uganda, the number needed to treat of 129 would equate to a cost of $4515 per additional case of TBM detected. Therefore, at present, we do not recommend the use of TB culture in the investigation of HIVassociated meningitis outside the research setting.
One strength of our study is that we studied a large cohort of 842 with HIV; this sample size is larger than that achieved in comparable studies in Malawi (n = 573) [19] and Zimbabwe (n = 406) [17] , reflecting the considerable burden of opportunistic CNS infections in Uganda. At our 2 hospitals in Uganda, the number of meningitis cases has increased [22] , despite the rollout of ART. We do, however, recognize some limitations to our study. This study was conducted at 2 referral hospitals well known in Uganda for conducting cryptococcal meningitis studies. To facilitate referrals, our team has periodically conducted outreach sensitization sessions on cryptococcal screening at medical facilities in the surrounding areas; this could have resulted in a referral bias, with a greater proportion of cryptococcal cases and under-representation of tuberculous, bacterial, and/or viral meningitis. Second, due to availability of the test, we performed BioFire multiplex PCR only on a subset of noncryptococcal, non-TBM cases. We have therefore estimated the predicted frequency and 95% confidence interval for the proportion of viral and bacterial meningitis cases (as diagnosed by PCR) for all cases without a confirmed microbiological diagnosis from the 45 Biofire tests performed.
In conclusion, we used a comprehensive diagnostic algorithm to investigate patients with HIV-associated meningitis in Uganda. Overall, 79% of patients had a definitive microbiologically confirmed diagnosis, dominated by cryptococcal and TB meningitis. Similar to Botswana, where with 90-90-90 targets are being reached [23] , cryptococcosis persists in Uganda. Using cutting-edge diagnostics in a systematic, stepwise way can optimize diagnostic capacity while minimizing cost [4] .
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